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The exchange of energy between pigments i n algae i s presented i n an ele mentary form i n f i g u r e 3. A l l pigments can a b s o r b a p p r o p r i a t e wavelengths o f l i g h t d i r e c t l y , and t h e energy is then t r a n s f e r r e d toward c h l o r o p h y l l a. The primary f l u o r e s c e n c e peak a t 685 nm r e s u l t s from d e e x c i t a t i o n of t h e first s i n g l e t s t a t e of c h l o r o p h y l l a t o t h e ground state. The secondary peak a t 735 nm is g e n e r a l l y lower than t h e primary peak, and it i s a r e s u l t o f a secon dary energy exchange mechanism a s s o c i a t e d w i t h p h o t o s y n t h e s i s . Red and bluegreen a l g a e a l s o have t h e i r primary f l u o r e s c e n c e peak a t 685 nm. Thus, a c t i v e remote s e n s i n g t e c h n i q u e s are based upon d e t e c t i o n of t h e laser-induced f l u o rescence of c h l o r o p h y l l a i n vivo a t 685 nm.
Normalized e x c i t a t i o n s p e c t r a f o r r e p r e s e n t a t i v e s p e c i e s of algae i n t h e f o u r primary a l g a l c o l o r groups (golden-brown, g r e e n , r e d , and blue-green) are shown i n f i g u r e 5. The g e n e r a l c o n f i g u r a t i o n used i n t h i s d e r i v a t i o n is given i n f i g u r e 6. A common assumption i n a l l d e r i v a t i o n s is t h a t t h e algae and a l l s c a t t e r i n material are uniform w i t h depth i n t h e water. The laser i r r a d i a n c e i n W/m 5 -nm which reaches a depth o f z i n t h e water is g i v e n by The e f f e c t i v e water a t t e n u a t i o n c o e f f i c i e n t may v a r y w i t h depth ( r e f . 15 ) because o f changes i n t h e a n g u l a r d i s t r i b u t i o n o f laser l i g h t as i t is m u l t i p l y scattered and d e v i a t e d from c o l l i m a t e d l i g h t a t t h e s u r f a c e t o r e l a t i v e l y d i f f u s e l i g h t s e v e r a l a t t e n u a t i o n l e n g t h s underwater ( r e f . 1 6 ) . The s i n g l es c a t t e r i n g a t It i s assumed i n the d e r i v a t i o n o f OL t h a t i f a photon is s c a t t e r e d it is l o s t t o t h e beam, and t h e energy i n t h e u n s c a t t e r e d beam is e x p o n e n t i a l l y reduced by t h e amount e-ar where r is t h e d i s t a n c e t r a v e l e d i n t h e water ( r e f . 16). Since t h e laser e x c i t a t i o n wavelengths f o r algae are between 400 and 650 nm, t h e s c a t t e r i n g c o e f f i c i e n t i s , i n g e n e r a l , many times larger than t h e absorp t i o n c o e f f i c i e n t ( r e f . 1 7 ) . The i r r a d i a n c e a t d e p t h z i n c l u d e s u n s c a t t e r e d and scattered l i g h t . The e f f e c t i v e a t t e n u a t i o n c o e f f i c i e n t is then less than CC because t h e scattered l i g h t is mostly forward scattered ( r e f . 181, and t h u s it can a l s o become p a r t of the irradiance a t depth z . The d i f f u s e a t t e n u a t i o n c o e f f i c i e n t determines t h e e x p o n e n t i a l a t t e n u a t i o n o f d i f f u s e l i g h t w i t h d e p t h . Duntley i n v i v o a t 685 nm contained i n t h e d i f f e r e n t i a l volume A, dz a t a depth of z is dF(Xf) AXf = H , AXIJ anAz dz ( 2 ) where Ax f f l u o r e s c e n c e bandwidth a t 685 nm, nm 
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The f i r s t l a b o r a t o r y t e s t s i n v o l v i n g laser-induced f l u o r e s c e n c e of a l g a e were conducted by Hickman and Moore ( r e f . 9 ) i n 1970 u s i n g a n i t r o g e n laser o p e r a t i n g a t 337 nm and two a l g a l s p e c i e s , Anacystis n i d u l a n s ( a blue-green a l g a e ) and C h l o r e l l a pyrenoidosa ( a green a l g a e ) . The f l u o r e s c e n c e of chloro p h y l l a contained i n t h e a l g a e was d e t e c t e d a t 680 nm. Laboratory experiments r e v e a l e d t h a t laser-induced f l u o r e s c e n c e from a c h l o r o p h y l l a c o n c e n t r a t i o n of 6 p g / l i t e r which w a s contained i n Anacystis n i d u l a n s was remgtely detectable from l e s s than 1 m. P r o j e c t i o n s of these measurements suggested t h a t an a i r borne l a s e r / r e c e i v e r system could detect these same c o n c e n t r a t i o n s of chloro p h y l l a i n vivo from a d i s t a n c e of 100 m. 1 1 ) . However, t h e c o n s t a n t i n t h e powerreceived e q u a t i o n i n r e f e r e n c e 13 is a f a c t o r of 2 larger than e q u a t i o n ( 8 ) , and r e f e r e n c e 13 d e f i n e s Yf and y i as t h e s i n g l e -s c a t t e r i n g a t t e n u a t i o n c o e f f i c i e n t s af and C l i . Since yf and y i , as d e f i n e d p r e v i o u s l y , are always l e s s than Clf and a i , t h e v a l u e of P r ( X i ) would be smaller because of t h e s i n g l e -s c a t t e r i n g a t t e n u a t i o n c o e f f i c i e n t assumption. Thus t h e e r r o r s i n t h e a n a l y s i s o f ALOPE data were somewhat o f f s e t t i n g , and t h e r e s u l t s which were obta'ined were encouraging enough so t h a t t h e instrument was subsequently flown over t h e lower end of t h e James River i n V i r g i n i a . 
. To f i n d t h e s t a t i s t i c a l v a r i a n c e of t h e c h l o r o p h y l la i n v i v o c o n c e n t r a t i o n , i t is f i r s t assumed t h a t
Po, P r , (ya + y f ) , and 0 are independent random v a r i a b l e s and t h e o t h e r parameters i n t h e e q u a t i o n are c o n s t a n t s . The general v a r i a n c e e q u a t i o n , which is based upon p r o p a g a t i o n of e r r o r s by l e a s t s q u a r e s ( r e f . 241, is g i v e n by where 6f i s t h e s t a n d a r d d e v i a t i o n and ( 6 f l 2 is t h e v a r i a n c e of t h e func t i o n f which has n independent v a r i a b l e s U i ; 6Ui i s t h e s t a n d a r d devia t i o n and ( 6~i )ĩ s t h e v a r i a n c e of u i . It can be r e a d i l y shown t h a t from e q u a t i o n ( 7 ) t h e f o l l o w i n g v a r i a n c e r e l a t i o n s h i p e x i s t s : F i r s t approach.-The v a r i a n c e e q u a t i o n which is based upon t h e f i r s t approach can be derived from e q u a t i o n ( 9 ) by u s i n g t h e i n v e r s e m a t r i x Z-l defined i n equation ( 1 1 ) and t h e g e n e r a l v a r i a n c e e q u a t i o n d e f i n e d i n e q u a t i o n ( 1 2 Table 3 ( 8 ) Govindjee ( r e f s . 25 and 2 8 ) . They conducted experiments i n t o t h e n a t u r e of t h e short-term, less t h a n 2 sec, f l u o r e s c e n c e t r a n s i e n t a s s o c i a t e d w i t h t h e algae C h l o r e l l a . A r e p r e s e n t a t i v e f l u o r e s c e n c e curve is given i n f i g u r e 14. The algae were exposed t o a 2-sec p u l s e of l o w -i n t e n s i t y l i g h t . The f l u o r e s c e n c e y i e l d rises i n s t a n t a n e o u s l y t o t h e i n i t i a l level 0. It t h e n rises t o l e v e l I i n 20 t o 50 msec, and remains c o n s t a n t or d e c r e a s e s aCalculated from e q u a t i o n s ( 16) and ( 17) . TECHNICAL MEMORANDUMS: Information receiving limited distribution because of preliminary data, security classifica tion, or other reasons. Also includes conference proceedings with either limited or unlimited distribution.
The normalized v a r i a n c e of each of t h e v a r i a b l e s t h u s con t r i b u t e s e q u a l l y t o t h e normalized v a r i a n c e of t h e c h l o r o p h y l l s i n v i v o con c e n t r a t i o n . Table 1 c o n t a i n s example s o l u t i o n s of e q u a t i o n ( 1 3 ) . It can be seen t h a t t h e v a r i a b l e w i t h t h e l a r g e s t normalized s t a n d a r d d e v i a t i o n dominates t h e normalized s t a n d a r d d e v i a t i o n f o r t h e c h l o r o p h y l l a c o n c e n t r a t i o n . S i n c e

lists t h e s e p a r a m e t e r s . No c o n s i d e r a t i o n was given t o t h e p r a c t i c a l i t y of u s i n g lasers which o p e r a t e a t t h e s e wave l e n g t h s ; however, a l l wavelengths throughout t h e v i s i b l e spectrum can be o b t a i n e d w i t h h i g h g a i n dye lasers. For both cases I and I1 i t was assumed t h a t t h e r e was a mean c o n c e n t r a t i o n of 20 U g / l i t e r of c h l o r o p h y l l a i n vivo i n a l l a l g a l c o l o r groups p r e s e n t i n t h e water, and t h e power r e c e i v e d f o r each e x c i t a t i o n wavelength was c a l c u l a t e d from e q u a t i o n
term on t h e r i g h t s i d e of e q u a t i o n ( 1 9 ) is t h e same as t h a t i n equa t i o n (14). This would be expected because t h e only d i f f e r e n c e ' i n t h e two approaches was i n t h e s t a t i s t i c s d e a l i n g w i t h t h e f l u o r e s c e n c e c r o s s s e c t i o n s and n o t t h e X i parameters. The v a r i a n c e o f t h e normalized c h l o r o p h y l l a con c e n t r a t i o n contained i n an a l g a l c o l o r group is dependent upon t h e v a r i a n c e i n t h e normalized f l u o r e s c e n c e c r o s s s e c t i o n a t any e x c i t a t i o n wavelength of
e a c t i o n c e n t e r s i n t h e c e l l "movef1 w i t h r e s p e c t t o each o t h e r and t h u s a l t e r t h e f l u o r e s c e n c e p r o p e r t i e s of t h e c e l l . Kiefer's experiments i n t h e Gulf of C a l i f o r n i a and North C e n t r a l P a c i f i c ( r e f . 26) e s t a b l i s h e d t h a t a l g a l f l u o r e s c e n c e i s i n v e r s e l y related t o s o l a r i r r a d i a t i o n and t h a t t h i s e f f e c t w a s l i m i t e d t o algae n e a r t h e s u r f a c e of t h e water. Laboratory t e s t s were performed by Blasco ( r e f . 27) w i t h t h e marine diatom Skeletonema costatum t o determine t h e d a y / n i g h t e f f e c t on a l g a l f l u o rescence. F i g u r e 13 shows c h l o r o p h y l l a c o n c e n t r a t i o n v e r s u s f l u o r e s c e n c e f o r b day and n i g h t c o n d i t i o n s . It can be seen t h a t t h e r a t i o of f l u o r e s c e n c e t o c h l o r o p h y l l a c o n c e n t r a t i o n is 80 p e r c e n t larger a t n i g h t than during t h e day. Blasco concluded t h a t p r e d i c t i o n of c h l o r o p h y l l c o n c e n t r a t i o n s from f l u o r e s cence measurements is g r e a t l y i n f l u e n c e d by t h e background i r r a d i a t i o n i n t e n s i t y .
Short-term l i g h t h i s t o r y . -The t r a n s i e n t change i n f l u o r e s c e n c e y i e l d o f c h l o r o p h y l l i n v i v o during t h e i n i t i a l f e w seconds o f i l l u m i n a t i o n h a s been s t u d i e d by Munday and
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